Mechanisms of tungstate sorption on the mineral boehmite (γ-AlOOH) were studied using batch uptake experiments and X-ray absorption spectroscopy. Batch uptake experiments over the pH range 4-8 and [W] = 50-2000 µM show typical oxyanion behavior, and isotherm experiments reveal continued uptake with increasing tungstate concentration without any clear uptake maximum. Desorption experiments showed that sorption is irreversible at pH 4 and partly reversible at pH 8. Tungsten L 1 -and L 3 -edge XANES spectroscopy indicatesthat all sorbedtungstates are octahedrally coordinated, even though the dominant solution species at pH 8 is a tetrahedral monotungstate.Tungsten L 3 -edge EXAFS analysis shows that sorbedtungstate occurs as polymeric form(s), as indicated by the presence of cornerand edge-sharing of distorted tungstate octahedra. The occurrence of polymeric tungstate on the surface at pH 8 indicates that sorption is accompanied by polymerization and a coordination change from tetrahedral (in solution) to distorted octahedral (on the surface). The strong tendency for tungstate polymerization on boehmitecanexplain the continued uptake without an apparent maximum in sorption, and the limited desorption behavior. Our results provide the basis for a predictive model of tungstate uptake by boehmite, which can be important for understanding tungstate mobility, toxicity, and bioavailability.
Introduction
Until recently, little consideration has been given to the environmental impact of tungsten. This industrially important metal has been widely thought to be nontoxic in its pure or alloyed forms [1, 2] .
Oxidation of metallic forms of tungsten results in dissolution and formation of soluble anions that are mobile in aquatic and soil systemsunder appropriate conditions of pH and redox potential [3] .The most 4 stable oxidation state in surface environments is W(VI), tungstate, which forms many different oxyanions, including monooxyanion and polyoxyanion forms [4] [5] [6] . The study of tungstate behavior in the environment is complex due to the occurrence of multiple species associated with polymerization and their interactions with environmental materials.It is now recognized that the presence of dissolved tungstate may lead to adverse environmental effects, including soil acidification as well as toxic effects on plants, soil microorganisms and invertebrates [7] [8] [9] . Recent studies have shown that the toxicity of tungstate is related to its speciation. Strigul et al. studied toxicities of tungstate species in fish, and reported that polymeric tungstates were more toxic than monotungstate [10] . Investigation of tungstate behavior in aqueous systems, including its toxicity, has become increasingly important as industrial applicationsand releases to the environment have escalated.
Tungstate oxyanion speciationin solution depends on pH as well as total W concentration, showing some similarities with molybdenum oxyanionbehavior [11, 12] .Like molybdate, the dominant oxyanion species of tungstate at basic pH is monomeric WO 4 2-with tetrahedral coordination. As pH is decreased, tungstate forms polymeric species havingmainly octahedral coordination as shown for selected species in Figure 1 and described further in Supporting Information. Polymerization is favored with increasing tungstate concentration. In the VIB group,the tendency for polymerization increases with increasing atomic number, so that occurrence of polymeric forms of tungstate may be more common than molybdate for equivalent conditions [11] .Tungstate speciation has been studied by several researchers with 187 W nuclear magnetic resonance (NMR) spectroscopy, electrospray ionization mass spectrometry (ESI-MS),
and Raman spectroscopy [4, 5, 13, 14] .These studies have shown that general trends of tungsten polymerization are known under acidic conditions, yet the mechanismsare still not completely understood.Furthermore, the kinetics of formation of some polymeric species is sluggish, so that equilibrium speciation is not necessarily obtained over the time scale of laboratory experiments [4, 5, 11] .
Sorption processes on mineral surfaces play an important role in regulating the distribution and mobility of trace metals in natural aquatic and soil systems.Tungstate has been shown to adsorb strongly 5 on iron oxyhydroxide mineral surfaces at low pH conditions [15] [16] [17] . Hernandez sorption on iron and aluminum (hydr)oxide sufaces [15] . Gustafsson used a 2-pK Diffuse Layer Model and a1-pKCD-MUSIC model to describe tungstate (and molybdate) sorption on ferrihydrite, accounting for monomeric and polymeric tungstates to fit the experimental data for both models [17] . The competitive sorption of tungstate and other oxyanions on goethite was studied by Xu et al. [16] . Tungstatesorption was found to be strongly competitive with molybdate and phosphate at the surface, whereas silicate and sulfate sorption were affected minimally by tungstate. Tungstate speciation in natural soils was studied by Clausen and Korte [2] and Bednar et al. [3] , who found tungstate forming polymeric specieswith phosphate and silicate, and proposed a general transformation pathway fortungstates in nature.However, little is known of the influence that tungstate speciation plays in sorption behavior over a broader pH range and on other mineral sorbents. This fundamental information is important inasmuch as it may control tungstate mobility, toxicity, and bioavailability in natural systems.
In the present study, we investigate tungstate sorption behavior on the aluminum oxyhydroxide mineral boehmite, γ-AlOOH,over the tungstate concentration range 5-2000 µM. Although the lower end of this concentration range is more relevant environmentally, dissolved tungsten concentrations as high as 400 mg/L (2175 µM) have been reported at highly contaminated sites [2] . Boehmite occurs naturally as a common weathering product and is an effective sorbent for both cations and anions [18] [19] [20] [21] .Tungsten L 1 -and L 3 -edge XANES spectroscopy was used to distinguish coordination environments around W atoms.
The local structure and coordination of tungsten at the surface were determined using tungsten L 3 -edge EXAFS, which allowed us to further characterize the binding mechanism as well as the dependence of tungstate sorption on environmental parameters such as pH, metal concentration, and ionic strength. This initial work provides a foundation for subsequent studies of tungstate sorption on other solids. The findings also have possible implications for tungsten toxicity in natural environments.
Materials and Methods
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Sorbent
Boehmite from CONDEA Chemie GmbH was used in this study. Powder XRD was used to confirm the structure, and no other phases were detected. The specific surface area of the boehmitewas found to be 136 m 2 /g by five-point N 2 Brunauer-Emmett-Teller (BET) analysis. The point of zero charge (PZC) determined for this material in previous studies lies in the range 8.6-9.1 [19, 22] .
Batch uptake experiments
Batch uptake experiments were conductedover a range of tungsten concentrations, from 50 to 2000 µM, at pH 4, 6.5, and 8. Ionic strength of 0.01 or 0.1 M was achieved using NaCl as a background electrolyte. Based on tungstate speciation calculations (see Supporting Information), pH 4 and 8 represent solution conditions for which polytungstates and monotungstate,respectively, representthe major components in the solutionover the studied concentration range (Figure 1 ).The pH 6.5 condition represents a mixture of monomeric and polymeric species, with proportions varying depending on total W concentration. The boehmite suspensions were equilibrated overnight before being titrated to the desired pH using HCl or NaOH. After an additional 24 h equilibration time, a pre-determined amount of a0.1 M or 0.01 M Na 2 WO 4 stock solution was added to 1 g/L boehmite suspensions to achieve the target W concentration. Small amounts of 0.1 M HCl or NaOH were used to adjust the pH after adding the Na 2 WO 4 solution to the suspension. After 24 hours of equilibration on a shaker table, the suspensions were centrifuged for 10 min at 10,000 rpm, and 10 mL aliquots of supernatant werecollected from each sample. Tungsten concentration in the aliquots was measured with direct coupled plasma atomic emission spectroscopy (DCP-AES) to calculate the amount of tungsten sorbed on the boehmite surface. Selected samples were filtered using a vacuum pump, and the wet pastes were prepared for XAS analysis.
Tungstate stock solutions were prepared using Na 2 WO 4 ·2H 2 O (Alfa Aesar) and deionized water.
The stock solutions were pre-titrated to target pH values prior to addition to the suspensions.To determine if pre-titration influenced sorption results, a set of parallel experiments was performed using freshly 7 prepared stock solution without pre-titration. No discernible differences were found between results for these different stock solutions in terms of uptake or XAS.
All sorption experiments were performed under atmospheric conditionsand no effort was made to purge CO 2 from the solutions. However, containers holding suspensions were kept sealed except for addition of stock solution and adjustments to pH, so CO 2 exchange was restricted.Nevertheless, the presence of dissolved CO 2 is expected to have some influence on the surface charge of boehmite in suspensions as a result of sorption.Su and Suarez examined the effect of carbonate sorption on surface charge of gibbsite (Al(OH) 3 ) and amorphous aluminum hydroxide, and showed that the observed PZC decreased by 0.5-0.7 pH units in suspension titrated with sodium carbonate solution [23] .
Desorption experiments
Desorption experiments were conducted following the conclusion of sorption reactions (as described above) at two concentrations: 200 and 1000 µM.The final suspensions after 24 h reaction were centrifuged for 10 min at 10,000 rpm,the solution was discarded, and the moist particles were resuspended in tungstate-free solution with the same pH condition and background electrolyte concentration. Aliquots (5 mL) were taken at designated time periods, and W concentration in the solution was measured by DCP-AES to allow calculation of sorbed W. keV). The monochrometer was calibrated by assigning the indicated energy to the first peak of the derivative of the edge spectrum of the element used for calibration.
EXAFS and XANES spectra for model compounds were collected in transmission mode. Model compounds were mixed with boron nitride to achieve the proper edge step, and then loaded into Lucite sample holders and sealed using two layers of Kapton tape. All spectra for sorption samples and solutions were taken in fluorescence mode using a partially implanted planar silicon (PIPS) detector at the NSLS and a 13-element Ge detector at the APS. Wet pastesobtained from vacuum filtration of reacted suspensions were sealed in Lucite sample holders with Kapton tape and stored in sealed polyethylene bags with wet tissues to prevent drying. Samples were placed at a 45° angle to the incident beam for fluorescence measurements. Multiple spectra were routinely collected and averaged to achieve acceptable signal/noise.
2.4.2Tungsten L 3 -edge EXAFS fitting
Data analysis was conducted using the programs iFeffit [24] 
Results
3.1Batch uptake trends
The effect of pH on tungstate sorption by boehmite was investigated at an initial tungstate concentration of 50 µM at two ionic strength conditions using NaCl as a background electrolyte ( Figure 9 2 11 that are lower in intensity anddifferent in shape than tetrahedral compounds. Furthermore, because the intensity of the pre-edge feature for octahedrally coordinated compounds is sensitive to the degree of distortion, differences in pre-edge intensity and shape are evident among the various octahedralcompounds (see section 4 in Supporting Information for further description). The pre-edge features for all the sorption samples are found to be similar to one another, with pre-edge intensities lower than those in tetrahedral reference compounds, and most closely matching reference samples with distorted octahedral coordination, such asphosphotungstic acid. (Table S2 ). Second derivative spectra of both sorption samples display two well separated minima, consistent with distorted octahedral coordination of W(VI). Notably, these second derivative spectra are nearly identical for samples at both pH conditions. In Figure 5 , sorption samples are clearly distinguished from Na 2 W 2 O 7 , which contains both tetrahedral and octahedral W(VI). Although it 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 is not possible to rule out a minor contribution from tetrahedrally coordinated W(VI), the dominant component in the sorption samples is clearly octahedral, and the octahedraare distorted on average. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The general fitting procedure followed three steps. First, the main peak corresponding to first-shell W-O backscattering was fit using one or more paths. The best fits for sorption samples were typically achieved using two or three W-O paths for the first main peak in FT magnititude. Second, a near-linear O-W-O MS path was introduced. Multiple scattering is found to have an effectmainly at low k in the chi functions, and accounting for it was found to be necessary to achieve acceptable agreementwith the observed splitting in the first oscillation near 3.5-5 Å -1 .Finally, the peaks in the range 3.0-3.8 Å were fit with W-W and/or W-Al paths. Reference compounds were fit to validate the strategy described, however, their coordination numbers were constrained to be consistent with known structure data.
The EXAFS data for the lowest concentration sorption samples were fit first with single scattering paths for octahedral coordination. We constrained total coordination number of the first shell to 6 if the fit 16 results were not reasonable with floating coordination numbers. We assumed that a W-Al path contributesto the EXAFS signal for all sorption samples, so the parameters of a W-Al path, obtained from the fit results of the 5 µM sorption sample, were fixed in the fitting process. The fit results of higher concentration samples were compared with and without a W-Al path adopted from the result of the lowest concentration sample. We also included up to two W-W paths, corner-and edge-sharing, to fit the second shell for the higher concentration smples.
Fit results for all sorption samples are summarized in Table 1 6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 however, these fits were either not satisfactory or resulted in W-Al distances that were not reasonable. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 4.1 Tungstate sorption trends on the boehmite surface Tungstate shows a strong affinity for sorbing onto boehmite at low and neutral pH conditions, with decreasing uptake at higher pH. Observed uptakenear or above the PZC value of boehmite (pH 8.6-9.1) suggests thattungstate sorption is not dueentirely to electrostatic attraction. This result is consistent with previous studies investigating the reaction of tungstates with other mineral surfaces [16, 17, 33] .The absence of a maximum in uptake of tungstate with increasing concentration in the solution suggests that tungstate sorption on the surface is not limited by the surface site availability over the range studied.We note that a study of the sorption of the H 2 A related question is whether the differences in sorption reversibility between pH 4 and 8 can be explained by different surface complexes. Sorption at pH 4 is largely irreversible, whereas at pH 8 some reversibility (25-30 %) is observed (Figure 4) . The EXAFS results reveal differences in the W-W paths between pH 4 and pH 8 samples (for both 200 and 1000 µM), suggesting structural differences in the surface complexes, which could be responsible for the differing desorption behaviors.The presence of multiple surface species at one of the pH conditions could also influence the observed behavior. The pH may also play somerole in controlling the observed sorption reversibility, as suggested by polymerization behavior in solution. At low pH polymerization of W(VI)is clearly favored, whereas at near neutral and higher pH monomeric tungstate is favored. Hence, one could speculate that the polymeric surface complexes are more stable at pH 4 than at pH 8. This would be consistent with irreversible sorption at the lower pH but with some limited degree of reversibility at the higher pH. The effect of pH on surface charge may also play a role in sorption reversibility. The more positively charged surface at pH 4 would create more favorable circumstances forsorbedpolytungstates, which have large negative charges.
Discussion
It is interesting to consider whether formation of polymeric tungstates at the surface is analogous to surface precipitation.In both cases, W(VI) forms extended structures at the surface. We consider that no distinction between them would be possible using EXAFS.
Comparison with molybdate sorption on (hydr)oxide surfaces
In view of the similarities noted between tungstate and molybdate systems, it is interesting to compare their sorption behavior.Molybdate shows a distribution of species in solution broadly similar to tungstate, favoringmonomeric species at neutral and high pH and formation of polymeric species at low pH [11] .Arai investigated molybdate species sorbedon the goethite (FeOOH) surface using Mo K-edge
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EXAFS [37] . This study reported the existence of monomeric tetrahedral molybdate at the surface at near neutral pH and a mixture of monomeric tetrahedral and polymeric octahedral molybdate at acidic pH.
Increasing Mo loading favored the formation of the polymeric form.Wasylenki et al. used Mo K-edge EXAFS to investigate molybdate species sorbedon birnessite(MnO 2 ) [38] .In sorption experiments performed at pH 8.0-8.5, where monomeric tetrahedral molybdate is the dominant solution species, they found the sorbed species to be a polymeric molybdate with distorted octahedral coordination. This finding differs from the results of Arai at near neutral pH, where monomeric tetrahedral molybdate was reported.
This difference may reflect the differing properties of the sorbent phases and/or their surface charge.
However, both studies identified the tendency for molybdate to polymerize when sorbed at metal (hydr)oxide surface, although at different pH conditions. In our study, we find that tungstate exhibits a strong tendency to form a polymeric species on the surface of boehmite over a wide range of pH and tungstate concentrations. Only at the lowest concentration (5 µM), do we find evidence for a monomeric We can envision two possible surface polymerization mechanismsto explain our observations at pH 8: (1) the polymerization of neighboring tungstate species sorbed on the surface and (2) additive polymerization with a tetrahedral complex in a terminal position. Schematic models for these mechanisms are shown in Figure 9 . The former should be dependent on a sufficiently high surface coverage of tungstate to allow linkages that result in edge-or corner-sharing of tungstate octahedra. We note that this mechanism may not be consistent with the continued tungstate uptake that we observed in the isotherm 
Possible environmental implications of tungstate polymerization
Strigul reported that speciationof tungstate is likely to be important forcontrolling its mobility, toxicity, and bioavailability in aquatic systems [1] . Our present findingsdemonstrate that tungstate forms stable polymeric surface complexes when sorbed on boehmite over a range of pH conditions. Hence the mobility of dissolved tungstate may be effectively limited by sorption on surfaces of (hydr)oxides, such asboehmite. However, we still lack an understanding of the toxicity and bioavailability of polytungstates bound on the surface of fine mineral particles in the environment. Evaluation of the toxicity ofpolytungstatessorbed on other mineral surfaces will be important for a complete understanding of the detailed environmental behavior of tungstate.
Conclusions
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In this study, we examined the systematics and molecular-scale mechanisms of tungstate sorption onto boehmite over a range of pH values and tungstate concentrations. Batch uptake results reveal sorption behavior that is expected for anions, with tungstate binding strongly and irreversiblyat low pH and less strongly with increasing pH. XAS analysis confirmsthe presence of polytungstate complexes on the surface over the pH range 4-8, although the exact tungstate species cannot be determined.
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